engraftment in lungs after different periods of time, only a few of them have quantified the efficiency of cell retention, which will likely be essential for effective lung repair (36) . In addition, most of these studies have used mouse or rat models to determine the potential of cellular therapies for treating lung diseases. Rodent models have been valuable to understand the mechanisms of diseases and are indispensable for studying new therapeutic approaches, but porcine models have been considered more appropriate to preclinically evaluate novel treatments for lung diseases such as cystic fibrosis (CF) (15, 46) .
Many of the cell-based therapies that used stem cells to reconstitute lung epithelia have encountered various difficulties associated with low cell retention and, notably, inefficient differentiation of stem cells to lung epithelial cells in vivo (26, 30, 40) . With the recent development in differentiating embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) to pulmonary epithelial cells or lung epithelial precursors in vitro (19 -21, 33, 60) , it seems that a new potential source of cells for treating lung diseases has emerged. For example, human alveolar epithelial type II cells have been derived from ESCs and have shown some treatment efficacy for lung fibrosis in mouse models (54) . CF lung disease, which is caused by mutations in the CF transmembrane conductance regulator (CFTR) (14, 23) but has yet to see clinical success using gene-therapy approaches (1, 40) , might also be treated with airway epithelial cells derived from patient-specific iPSCs (37, 52, 58) after ex vivo CFTR gene correction (38) .
Previous studies have shown that transient lung injury can improve the pulmonary retention of exogenous cells, including ESCs (31) , bone marrow-derived stem cells (10, 44) , and alveolar epithelial type II cells (54) . Among the different reagents used for inducing lung injury in animal models, polidocanol (PDOC) has been shown to temporarily remove the surface airway epithelial cells in mice and improve engraftment of stem cells or viral vectors (31, 34) . In PDOC-treated lungs, the proliferation of normally quiescent epithelial cells was activated (5) , probably in response to injury-induced cytokines (3). Therefore, PDOC might help to stimulate the retention (and proliferation) of airway epithelial cells for better outcome of the cell-based therapy.
The goal for this study was to establish a method to conveniently quantify cell retention following cell transplantation and to develop an approach to efficiently deliver nonprogenitor lung epithelial cells into mouse and pig lungs. These studies provide useful tools and fundamental background for future preclinical evaluation of intratracheal (instillational) cell transplantation to treat lung diseases.
MATERIALS AND METHODS
All animal procedures were approved by the Yale University Institutional Animal Care and Use Committee. All animal care complied with the Guide for the Care and Use of Laboratory Animals.
Cell culture. Normal human bronchial/tracheal epithelial (NHBE) cells (Lonza, Walkersville, MD) were grown in bronchial epithelial cell growth medium (BEGM, Lonza) at 37°C, 5% CO 2 and infected with pSicoR-green fluorescent protein (GFP) lentivirus (47) overnight at 37°C. Virus-containing medium was then removed, and cells were further incubated at 37°C for 3 days. In some studies, the human lung epithelial cell line A549 (ATCC) was grown in DMEM containing 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C, 5% CO 2 and infected with pSicoR-GFP lentivirus similarly to NHBE cells. Cells were examined for GFP under a fluorescence microscope or by flow cytometry.
Intratracheal administration of cells in mice. C57BL/6J mice (female, 10 -12 wk; Charles River Laboratories, Wilmington, MA) were used. Mice were anesthetized with an intraperitoneal ketamine/ xylazine injection and placed supine. A small incision was made on the neck area to visualize trachea. Mice were then intubated with a sterile blunt-end catheter (Covidien, Mansfield, MA) (Fig. 1) . NHBE cells (0.5 ϫ 10 6 ) infected with pSicoR-GFP lentivirus were resuspended in 50 l BEGM and injected directly into the lungs. An aliquot of GFP-labeled NHBE cells was saved for later analysis. For the lung preinjury experiments, 20 l of 2% PDOC (Sigma-Aldrich, St. Louis, MO) in PBS was intratracheally injected into the lungs 24 h before cell delivery. At the indicated time, mice were euthanized with an intraperitoneal lethal injection of pentobarbital sodium, and their lungs were harvested. The left lungs and trachea were fixed with formalin, and the right lungs were flash frozen.
Transplantation of cells into pig lungs. Yorkshire pigs (male, 25-30 kg; Earle Parsons & Sons, Hadley, MA) were anesthetized with an intraperitoneal telazol/ketamine/xylazine injection. A tracheal intubation fiberscope (Olympus) was used to ensure transplantation of cells into the right lower lung lobe of each animal. A549 cells (100 ϫ 10 6 ) infected with pSicoR-GFP lentivirus were resuspended in 10 ml DMEM/10% FBS and injected directly into the pig lung through the fiberscope. An aliquot of GFP-labeled A549 cells was saved for later analysis. Twenty-four hours following cell transplantation, pigs were euthanized with an intraperitoneal lethal injection of pentobarbital sodium, and the lungs were harvested. The right lower lobe of the lungs was dissected from the whole lung, cut into pieces of ϳ1 cm 2 , and formalin-fixed or flash frozen for later analysis.
ELISA for GFP. pSicoR-GFP lentivirus-infected NHBE cells or A549 cells saved at the time of cell transplantation were lysed using Triton X-100 lysis buffer (50 mM Tris·HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, and 0.1% SDS) containing freshly added proteinase inhibitors (Roche Diagnostics, Mansfield, Germany). Proteins were extracted, and the amount of GFP in the cell lysate was determined using a GFP ELISA kit (Cell Biolaboratories, San Diego, CA) according to the manufacturer's instructions. The average GFP amount per cell was obtaining by dividing total GFP amount by cell numbers counted directly from culture flasks. To determine whether ELISA quantification of GFP can be used to estimate the number of cells when engrafted in lungs, lung tissues that were harvested from normal C57BL/6J mice were spiked with pSicoR-GFP lentivirus-infected NHBE cells at twofold serial dilutions and lysed, and the amount of GFP was determined by ELISA.
Determining cell-retention efficiency in lungs. Frozen lung tissues (i.e., right lungs from mice and lung pieces from pigs) were homogenized and lysed, and proteins were extracted. The amount of GFP in lung lysate was determined by ELISA, and the number of cells was calculated by dividing GFP amount with the average GFP amount per cell as follows: number of cells ϭ total GFP amount/average GFP amount per cell. Each sample was analyzed in duplicate. To calculate the total number of cells retained in both mouse lungs for a single animal, the number of engrafted cells in the right lung was divided by 0.6, a ratio of the volume of whole lung to the volume right lung (35) , assuming fairly similar cell distribution in both lungs using the intratracheal route (12) Construction of CFTR-GFP lentivector. The lentiviral vector, designated pSicoR-CFTR-GFP, was constructed by inserting human CFTR full-length cDNA into the pSicoR-GFP vector (gift from Dr. Jiangbing Zhou, Yale University). Briefly, the CFTR cDNA was amplified from construct pBQ4.7V (gift from Drs. Wanda O'Neal and Scott Randell, University of North Carolina) by PCR using two cloning site-tagged primers CFTR forward (5=-gcattcgctattcagctagcaaccatgcagaggtcgcctctgg) and CFTR reverse (5=-tactgtcgttcgaagtaccggtgaaagccttgtatcttgcacctctt). The CFTR fragment was cloned into the NheI and AgeI sites of pSicoR-GFP to generate pSicoR-CFTR-GFP (Fig. 2) . The COOH terminus of CFTR was fused to GFP in pSicoR-CFTR-GFP. The inserted CFTR cDNA was fully sequenced and verified. Sequencing was performed by the W. M. Keck Biotechnology Resource Laboratory at Yale University.
Confocal microscopy. NHBE cells were infected with pSicoR-CFTR-GFP lentivirus overnight at 37°C and cultured for 3 days. Cells were then fixed with 4% paraformaldehyde and incubated with anti-CFTR antibody (1:500, Ab570, courtesy of Dr. John Riodon, University of North Carolina) followed by Alexa Fluor 555-conjugated goat anti-mouse IgG (1:500, Invitrogen). Cells were examined by confocal microscopy (Leica TCS SP5; Leica Microsystem, Buffalo Grove, IL). Imaging analysis was performed using LAS AF (Leica).
Statistics. Data are expressed as means Ϯ SE of at least three samples. Statistical significance was determined by unpaired t-test. Difference (P value) Ͻ0.05 was considered significant. 
RESULTS

Infecting cells with pSicoR-GFP lentivirus and quantifying cells by ELISA.
NHBE cells were infected with pSicoR-GFP lentivirus overnight. Three days after the infection, almost all cells expressed GFP, as examined by a fluorescence microscope and quantified by flow cytometry (Fig. 3, A and B) . Similarly, the majority of A549 cells expressed GFP following the infection with pSicoR-GFP lentivirus (Fig. 3C ) although the GFP intensity was much lower compared with that in NHBE cells. In agreement with the fluorescence images, the average GFP protein content per cell as determined by ELISA was 1.41 Ϯ 0.09 pg for NHBE cells and 0.12 Ϯ 0.02 pg for A549 cells following pSicoR-GFP lentivirus-mediated infection (Fig. 3D) .
To determine whether the number of cells engrafting into lungs can be estimated based on GFP quantification, various numbers of pSicoR-GFP lentivirus-infected NHBE cells were spiked into mouse lung tissue, and the GFP amount was determined. There was a linear correlation between the quantity of GFP and the number of cells that were spiked into mouse lung tissue (Fig. 3E) . The slope was 1.06, indicating an average 1.06 pg GFP/cell in this particular experiment, and thus the number of cells was calculated by dividing total GFP quantity (in picograms) by a factor of 1.06. GFP has been routinely used as a reporter of gene expression; however, here we show that its quantity can be used to quantify cells in tissues.
Cell transplantation into mouse lungs. To reliably deliver cells into mouse lungs, we developed a modified intratracheal instillation method (Fig. 1) and directly injected 0.5 ϫ 10 6 GFP-labeled NHBE cells in a 50-l volume into the mouse lungs. Two days after cell transplantation, GFP ϩ cells were distributed in various regions of the lungs as shown by immunofluorescence staining (Fig. 5, D and E) . There was no nonspecific staining in the control lungs (Figs. 5A and 6A). Using the ELISA quantification method described above, the average cell-retention efficiency (i.e., the fraction of cells delivered that were counted in the lungs) was estimated to be 3.26 Ϯ 0.28% (n ϭ 6) at 48 h after instillation (Fig. 5J) , with little variation between different experiments. These findings indicate that nonprogenitor human airway epithelial cells can engraft in mouse lungs for at least 2 days. Moreover, our intratracheal instillation approach can generate relatively reproducible results for repeated studies in mice.
It has been reported that transient lung injury enhances cell retention in lungs (10, 31, 44, 54) . We thus explored the effect of lung preinjury with PDOC on cell retention in mice. Twenty-four hours following intratracheal administration of 2% PDOC into mouse lungs, the removal of surface epithelial cells in both the trachea and the airways was observed (Fig. 4, E-H) , similar to what has been previously reported (5, 31) . GFP-labeled NHBE cells were then intratracheally delivered into mouse lungs. After 48 h, GFP ϩ cells were found in various sections of the lung tissues (Fig. 5, C and F) , and a significant increase in cell-retention efficiency (10.48 Ϯ 2.86%, n ϭ 7) was achieved in the preinjured lungs (PDOCϩ CELLS) compared with the nonpretreated lungs (CELLS, Fig. 5J ). These findings indicate the augmenting effect of 2% PDOC on airway epithelial cell 6 GFP-labeled NHBE cells were delivered to mouse lungs, and the retention of delivered cells was determined after 2 days. A-C: lung sections from control mice with no cell delivery. D-F: lung sections from animals with cell delivery only. G-I: lung sections from animals received cell delivery 24 h following pretreatment with 2% PDOC. Lung sections were immunostained with rabbit polyclonal antibody to GFP followed by Alexa Fluor 555-conjugated IgG (A, D, and G) and counterstained with DAPI (B, E, and H) or stained for H&E (C, F, and I). J: cell-retention efficiency was determined by GFP ELISA. CELLS, cell delivery only; PDOCϩCELLS, cell delivery following lung pretreatment with PDOC. *P Ͻ 0.05. retention and are in good agreement with other previous studies (31) .
Cell engraftment in pig lungs. We next determined whether nonprogenitor lung epithelial cells can also engraft in porcine lungs through instillational transplantation. For this proof-ofconcept study, A549 cells that can be easily obtained in large numbers were used. With the use of a tracheal intubation fiberscope, 100 ϫ 10 6 GFP-labeled A549 cells were delivered into the lower right lobe of the pig lung in a 10-ml volume. Twenty-four hours after cell administration, the lung lobe was harvested and analyzed. Extensive distribution of GFP ϩ cells was found in various locations of the lung as determined by immunofluorescence staining for GFP (Fig. 6) . A linear correlation between the number of cells engrafted (determined using the GFP ELISA quantification method) and the weight of lung tissue was observed (Fig. 6G) , indicating nearly uniformed distribution of the delivered cells. There was an average 22.32% retention efficiency at 24 h following instillational cell delivery into the pig lungs.
Lentiviral vector-induced overexpression of CFTR-GFP. Persistent expression and correct apical localization of CFTR channels are required to restore normal function in differentiated lung epithelial cells from patients with CF (45, 62) . We thus constructed a lentiviral vector, designated pSicoR-CFTR-GFP, in which the COOH terminus of CFTR was fused to GFP (Fig. 2) . To determine whether pSicoR-CFTR-GFP lentivirus can be used to ex vivo correct the CFTR defect in lung epithelial cells, as a proof-of-concept study, we infected NHBE cells with the lentivirus overnight. Three days after the infection, at least 30% of the cells were found to express GFP (Fig.  7A) . The relatively lower infection efficiency of pSicoR-CFTR-GFP lentivirus compared with pSicoR-GFP lentivirus is mostly due to the large size of the CFTR-GFP gene (5.2 kb) (29) and may be improved by increasing viral titration as described (13) . In addition, sorting for GFP ϩ cells could potentially allow for production of a pure population of cells expressing CFTR-GFP. To determine the cellular localization of CFTR-GFP fusion proteins, pSicoR-CFTR-GFP lentivirusinfected NHBE cells were then stained using an antibody for CFTR (27) and examined using confocal microscopy. Stronger immunostaining for CFTR was observed in cells that also expressed enhanced GFP signals, indicating overexpression of CFTR-GFP proteins (Fig. 7, B-E) . Furthermore, CFTR-GFP fusion proteins were dominantly localized at the apical surface of the cells (Fig. 7E) , indicating that COOH-terminal tagging with GFP did not affect the correct trafficking of CFTR in NHBE cells.
DISCUSSION
In this study, we showed the feasibility of labeling human lung epithelial cells with GFP and the convenience of using a GFP ELISA-based assay for evaluating cell retention in lungs. We developed a repeatable, instillational cell-delivery approach for mice and pigs and achieved robust initial cell engraftment in mouse and porcine lungs based on immunofluorescence staining and ELISA quantification. We also constructed a lentiviral vector for CFTR to induce the overexpression of CFTR-GFP proteins at the apical surface of human airway epithelial cells for future ex vivo gene therapy of cells with CFTR mutations.
Lentiviral-based vectors can transfect nondividing cells and integrate into the cell genome (39), making them attractive vectors to target airway epithelial cells for persistent gene expression (39) . Here we showed efficient infection of NHBE cells and A549 cells with pSicoR-GFP lentivirus to induce the expression of GFP. GFP labeling, not only allowed us to directly detect and sort cells using fluorescence, but also provided a simple cell quantification method based on ELISA. Because of the linear correlation between GFP quantity and cell number, retention of exogenous GFP-labeled cells in lung tissues can be easily quantified, assuming that the average GFP Fig. 6 . Retention of cells in pig lungs. 100 ϫ 10 6 GFP-labeled A549 cells were delivered to 1 lobe of the pig lung, and the cell retention was determined after 24 h. A-C: lung sections from control pigs. D-F: lung sections from animals received cell delivery. Lung sections were immunostained with rabbit polyclonal antibody to GFP followed by Alexa Fluor 555-conjugated IgG (A and D) and counterstained with DAPI (B and E) or stained for H&E (C and F) . G: number of engrafted cells in random sections of the pig lung of various weights.
per cell after engraftment in lung remained the same as before delivery. Although the lacZ reporter gene is also commonly used to label cells, unlike with GFP labeling, lacZ-labeled cells cannot be directly detected using fluorescence-activated cell sorting. In addition, the presence of endogenous ␤-galactosidase activity in lung tissue might cause inaccurate quantification of lacZ-expressed exogenous cells (56) . On the other hand, GFP labeling for ELISA-based cell quantification did not require the donor-recipient sex mismatch as needed for PCRbased quantification used by others (10, 49) . Although only NHBE cells and A549 cells have been tested in this study, and it is also possible that GFP signal from some nonviable cells (51) has been included for the estimation of cell retention, our results undoubtedly indicate that lentivirus-mediated GFP labeling is a simple and reliable method to allow the detection and quantification of exogenous cells in lungs.
The most direct route to deliver therapeutic reagents (such as cells and viruses) into the lungs is through the trachea (9, 25) . The two intratracheal methods commonly used in rodents include tracheotomy and intubation (48) . Although the intubation method has been used by many groups, it requires special equipment or techniques (4, 11) . Here, we introduced a modified intratracheal delivery approach that combined the advantages of these aforementioned methods and showed robust cell engraftment in mouse lungs 2 days after the delivery of NHBE cells. There was little variation in cell retention efficiency between different animals and different experiments, suggesting the reproducibility of this technique for delivering cells into mouse lungs. In addition, we have achieved over 10% cellretention efficiency in PDOC-preinjured mouse lungs using this approach. The removal of surface lung epithelial cells by PDOC might have allowed for more initial attachment of the delivered cells as shown by others (31) . Although PDOCinduced injury has been shown to cause inflammation in lungs and increase the proliferation of lung epithelial cells in vivo (5), we observed little proliferation of GFP ϩ cells in PDOCtreated lungs (data not shown), suggesting that the threefold increase in cell retention might be mainly attributable to enhanced initial adhesion. Hence, our results suggest the feasibility of efficiently transplanting nonprogenitor (relatively differentiated) lung epithelial cells into the lungs of mice.
In our proof-of-concept studies, we delivered GFP-labeled human airway epithelial A549 cells into one of the lung lobes in a pig using an intubation fiberscope and observed extensive cell retention after 24 h with an average retention efficiency of over 20%. These data suggest that airway epithelial cells can be efficiently delivered into larger animal models, beyond rodent models, and tracheal intubation fiberscope provides a simple delivery approach that may be easily translated into clinical applications. It is worth noting, however, that A549 cells are relatively more resilient than NHBE cells; thus some nonadherent cells in the pig lungs might have also been counted toward the retention efficiency. We will apply whole lung lavage to remove nonadherent cells before harvest in future studies. Although delivery of viruses to pig airways has been reported by several groups (6, 50) , this is the first time that human lung epithelial cells were delivered and retained in pig lungs. As in mouse models, pretreatment of pig lungs with PDOC might further improve cell attachment. Whereas efficient initial engraftment of delivered cells in lungs is critical, sustained retention and function of these cells is of clinically importance for treating lung diseases. Future studies therefore will be performed to determine the long-term outcome of cells in porcine lungs. For cell-based therapy, the ideal cells would be of autologous origin to avoid immune rejection from cell transplantation and should be easily obtained and expanded in vitro to provide large quantities for sufficient cell replacement and possible therapeutic effects. Current development in generating clinicalgrade human iPSCs (17, 61) and differentiating (patient-specific) iPSCs to lung epithelial cells (19 -21, 33, 60) has suggested a new cell source for potentially treating lung diseases with cell transplantation. For CF-iPSC-derived lung epithelial cells, correction of the CFTR mutation is required before cell transplantation into lungs. We therefore constructed a lentivector pSicoR-CFTR-GFP and showed its efficacy in inducing the correct localization of the CFTR-GFP fusion protein at the apical surface of NHBE cells. In our preliminary studies, we found that bronchial epithelial cells from patients with CF (CFBE cells, Courtesy of Dr. M. Egan, Yale University) can be similarly infected with pSicoR-CFTR-GFP lentivector although the infection efficiency was lower for CFBE cells than for NHBE cells (data not shown). Future studies will need to focus on improving the infection efficiency of pSicoR-CFTR-GFP lentivirus and determining whether this lentivector can similarly infect CF-iPSCs-derived lung epithelial cells to ex vivo restore the CFTR defect. Alternatively, lung epithelial cells derived from CF iPSCs can be corrected with small molecules (43, 58) and labeled with GFP with lentivirus before delivery into lungs.
It is unclear exactly how many cells are required for lung engraftment to treat various diseases. Nevertheless, in vitro studies suggest that correction of only 6 -10% of the CFaffected epithelial cells is sufficient to restore normal chloride channel function (24) , suggesting that cell transplantationbased therapy could at least alleviate the symptoms of CF when efficient retention of cells with normal CFTR has been guaranteed. In addition, whether the airway epithelial cells should be fully differentiated before transplantation and the fate of the initially adhered exogenous cells in the lungs remain uncertain. Regardless of these concerns, our studies have shed light on the feasibility of delivering nonprogenitor relatively differentiated airway epithelial cells into the lungs for potential treatment of lung epithelial diseases.
